Worldwide increase in seawater temperature represents one of the major threats affecting corals, which experience bleaching, and thereafter a significant decrease in photosynthesis and calcification. The impact of bleaching on coral physiology may be exacerbated when coupled with eutrophication, i.e., increasing plankton, inorganic nutrient concentrations, sedimentation and turbidity due to coastal urbanization. Whereas zooplankton provision (heterotrophy) may alleviate the negative consequences of thermal stress, inorganic nutrient supply may exacerbate them, which creates a paradox. Our experimental study aims to disentangle the effects of these two components of eutrophication on the physiological response of Turbinaria reniformis subject to normal and to a short-term temperature increase. Additionally, three different inorganic nutrient ratios were tested to assess the influence of nutrient stoichiometry on coral physiology: control (ambient SW 0.5 lM N and 0.1 lM P), N only (ambient 1 2 lM N) and N 1 P (ambient 1 2 lM N and 1 0.5 lM P). Our results show a deleterious effect of a 2 lM nitrate enrichment alone (N) on coral photosynthetic processes under thermal stress as well as on calcification rates when associated with heterotrophy. On the contrary, a coupled nitrate and phosphorus enrichment (N 1 P) maintained coral metabolism and calcification during thermal stress and enhanced them when combined with heterotrophy. Broadly, our results shed light on the tight relationship existing between inorganic nutrient availability and heterotrophy. Moreover, it assesses the relevance of N: P stoichiometry as a determining factor for the health of the holobiont that may be adapted to specific nutrient ratios in its surrounding environment.
Rising seawater temperature and eutrophication are currently two of the most serious factors threatening coral reefs throughout the world Fabricius et al. 2013) . Over the last 30 yrs, global climate change has indeed increased average oceanic temperature by approximately 0.28C per decade (Hansen et al. 2006 ). Therefore, the world's oceans are warmer now than at any point in the last 50 yrs and seawater temperature is expected to continue increasing. Thermal stress has detrimental effects on many marine organisms, some of which have already started to reach the limits of their capacity to persist (Visser 2008) . In symbiotic corals, high temperatures induce bleaching (i.e., the loss of the dinoflagellate symbionts of the genus Symbiodinium sp.), thus weakening the symbiotic association (Brown 1997) . Symbiodinium, through inorganic nutrient acquisition and photosynthesis, provide 75-100% of the daily metabolic requirements of their host (Grottoli et al. 2006; Tremblay et al. 2012) . Therefore, bleaching induces the loss of the coral's major source of nutrition and can cause widespread mortality (Glynn 2012) . In addition, human activities such as increased coastal fertilizer use, land clearing, and urbanization contribute to eutrophication (enhanced nutrients, particles, and sedimentation levels) of coastal sites and have modified the nutrient stoichiometry in these ecosystems (Sterner and Elser 2002) . Eutrophication alters coral health because it enhances algal growth and induces competition for space and light (Bruno et al. 2009; Norstr€ om et al. 2009; De'ath and Fabricius 2010; Graham et al. 2015) . It has also been suggested that elevated inorganic nutrient levels directly impact corals by decreasing their thermal thresholds for bleaching. Nutrient addition indeed tends to enhance symbiont growth inside the coral host tissue, increasing oxidative stress during warm seasons (Nordemar et al. 2003; Wooldridge 2009; Wooldridge and Done 2009; Wiedenmann et al. 2013; Vega Thurber et al. 2014) . Therefore, there is evidence to suggest that corals living in nutrient-rich environments that are also experiencing thermal stress may be particularly endangered.
However, several laboratory experiments have also shown that nutrient supplementation may increase the ability of corals to withstand climate change stress because it can offset the negative effect of a temperature increase by favoring symbiont growth and photosynthesis. Nutrients can be acquired either via heterotrophy, the capture of zooplankton prey and or particulate organic matter (POM) by the coral host, or via autotrophy, via the uptake of inorganic nutrients (e.g., nitrate, ammonium, phosphate) by the symbionts. Aside from improving coral metabolism under nonstressful conditions (Houlbrèque and Ferrier-Pagès 2009) , several studies have indeed identified coral heterotrophy as an indicator of resilience to bleaching stress (Grottoli et al. 2006; Rodrigues and Grottoli 2007; Palardy et al. 2008; Connolly et al. 2012 ). In their model, Anthony et al. (2009) stated that increased heterotrophy was a good predictor of survivorship and reduced mortality risk during a bleaching event, and Tolosa et al. (2011) discovered that zooplankton feeding played an essential role in sustaining Turbinaria reniformis metabolism under thermal stress. Furthermore, moderate inorganic nitrogen supply has been shown to promote coral growth and metabolism (Tanaka et al. 2007; Sawall et al. 2011) , especially under elevated pCO 2 (Langdon and Atkinson 2005; Holcomb et al. 2010; Chauvin et al. 2011) , or thermal stress (B eraud et al. 2013) . Based on these studies, there are lines of evidence to suggest that corals thriving in nutrient-rich environments may be more resilient to stress than others, if not in competition with algae.
In view of this conflicting evidence, more research is needed to understand the effects of heterotrophy and/or inorganic nutrient supplementation on coral metabolism during environmental stresses. Several hypotheses for the differing results have been put forward. In their metaanalysis of the effects of eutrophication on corals, Shantz and Burkepile (2014) assert that the physiological response of corals to eutrophication is context-dependent. Thus, when comparing studies, several parameters such as coral taxa, coral morphology, nutrient concentration and nitrogen source, and type (i.e., ammonium vs. nitrate, organic vs. inorganic) have to be taken into account. More importantly, the stoichiometry of the N: P ratio needs to be close to the N: P ratio of the coral tissue, i.e., a complete lack of phosphate with nitrate enrichment may be unfavorable for the symbiosis (Wiedenmann et al. 2013 ).
In coastal ecosystems, eutrophication enhances both POM and inorganic nutrient concentrations. Nutrient-rich reefs tend to have higher gross production as well as higher heterotrophic consumption than oligotrophic reefs (Mioche and Cuet 1999; Szmant 2002) . To date, only two studies have attempted to decipher the effect of the different components of eutrophication (POM, inorganic nutrient, sedimentation and turbidity) on coral growth and survival (Fabricius 2005; Fabricius et al. 2013 ). The first study by Fabricius (2005) highlighted sedimentation and turbidity as the two major factors of stress for coral growth. Conversely, their model suggested an increase in growth with POM, and a moderate reduction in growth with dissolved inorganic nutrient enrichment. Fabricius et al. (2013) , however, later observed low coral growth under a coupled enrichment in dissolved inorganic nutrients (nitrate) and POM. In view of these contrasting observations on coral growth, more work is needed to improve our knowledge of the effect of eutrophication on the coral physiological response in terms of photosynthesis, calcification, and tissue growth. In this experimental study, we sought to disentangle the combined effect of POM (heterotrophy) and inorganic nutrient enrichment from their individual effects on the physiological response of the scleractinian coral T. reniformis maintained under ambient temperature conditions as well as during short-term thermal stress. In addition, we implemented different N : P ratios (4 : 1, 5 : 1, and 20 : 1) of inorganic nutrients in seawater to assess the effect of nutrient stoichiometry on coral physiology and symbiotic interactions. We hypothesize that (1) heterotrophy has a different effect than inorganic nutrient supplementation on coral metabolism; (2) the inorganic N : P ratio shapes the metabolic response of T. reniformis under both normal and stressful conditions; nitrate enrichment being more detrimental to coral physiology than a combined enrichment in nitrate and phosphate (Wiedenmann et al. 2013) ; (3) the combined effect of heterotrophy and inorganic nutrient supplementation differs from their individual effects on coral physiology.
Materials and procedures

Experimental set-up
The widely distributed scleractinian coral T. reniformis (Dendrophylliidae) was used in this study due to its ability to thrive in turbid and organically rich environments (Veron 2000; Anthony et al. 2006) . Five large colonies were sampled between 5 m and 10 m depth in different locations of the Northern Red Sea, brought back to the laboratory, and tagged with an electronic microchip implant to account for parent colony before being used to produce a total of 456 nubbins of about the same size (4 cm diameter). Nubbins were then evenly distributed into 12 independent 20 L tanks (38 nubbins per tank), maintained under the following controlled conditions: aquaria were continuously supplied with oligotrophic seawater containing a low amount of nutrients ( 0.5 lM nitrate (NO 3 ) and 0.1 lM phosphate, PO 4 ) at a flow rate of 20 L h
21
. A constant seawater temperature of 258C 6 0.58C was regulated using submersible resistance heaters (Visi-ThermH Deluxe, Aquarium Systems, France) and metal halide lamps (Philips, HPIT 400W, Distrilamp, Bossee, France) provided a constant irradiance of 200 lmol photons m 22 s 21 inside the tanks (12: 12 light: dark). Submersible pumps ensured water mixing in the tanks. Nubbins were kept unfed for four weeks to prevent any impact of heterotrophy on the physiological responses of corals before performing the experiments described below. After the acclimation period, six different nutritional conditions were established (in duplicated tanks) as described in Table 1 and below. Tanks were cleaned weekly to avoid any algal proliferation. Four control tanks were maintained in duplicate under low inorganic nutrient concentrations (as described above), with or without zooplankton (heterotrophy). In four other tanks, supplied with or without zooplankton, nitrate was added to reach a N: P ratio of 20: 1. Finally, in the last four tanks, maintained with or without zooplankton, nitrate and phosphate were added in parallel to reach a N: P ratio of 4 : 1. Zooplankton was provided in the "heterotrophic" tanks every evening for 5 d per week, by means of ca. 2000 Artemia salina (in total) that were left in the tanks until they were eaten or diluted with the seawater renewal. For the nitrate and nitratephosphate enriched conditions, tanks were, respectively, supplied with a solution of sodium nitrate (NaNO 3 ) alone or in combination with sodium dihydrogenophosphate (NaH 2 PO 4 ). Stock solutions were continuously pumped from individual batch tanks via a peristaltic pump and delivered to the experimental tanks at a final concentration of 2.0 lM for NaNO 3 and 0.5 lM for NaH 2 PO 4 . The stock solutions were renewed every 3 d and added to the tanks at a constant flow rate of 0.3 L h
. Inorganic nutrient concentrations in the water were monitored in each tank and in triplicate twice a week using an Autoanalyzer (Alliance Instrument, AMS, France) according to Tr eguer and Le Corre (1975) . After 3 weeks under these experimental conditions (T 0 ), temperature was increased from 258C 6 0.58C to reach 308C 6 0.58C over a 10 day-period and was kept constant for 7 d (T 1 ). This thermal stress was chosen according to the highest temperature observed in the northern Red Sea (Sawall et al. 2014) . After 17 d under thermal stress, all tanks were brought back to 258C 6 0.58C over 10 d for two additional weeks to assess recovery (T 2 ). Several measurements (described below) were performed to assess physiology and photophysiology of T. reniformis at the end of each temperature step (T 0 , T 1 , and T 2 ).
Measurements
Photosynthesis and respiration rates, total chlorophyll, symbiont density, and protein determination
Rates of net photosynthesis (Pn) and respiration (R) were assessed at 200 and 0 lmol photons m 22 s 21 on six randomly selected nubbins per treatment in 50 mL glass chambers supplied with filtered seawater (FSW). Chambers were equipped with a Unisense optode (oxygen-sensitive minisensor) connected to the Oxy-4 software (Chanel fiber-optic oxygen meter, Presens, Regensburg, Germany). The optodes were calibrated before each experiment against air-saturated and nitrogen-saturated seawater (for the 100% and 0% oxygen, respectively). Stir bars were used to continuously mix the water. Light was provided by a metal halide lamp (Philips, HPIT 400W, Distrilamp, Bossee, France). Pn and R were calculated by regressing oxygen production or consumption against time. Gross photosynthesis was estimated by adding the absolute value of R to Pn. At the end of each incubation, nubbins were frozen overnight (2208C) before the subsequent determination on the same nubbins of symbiont density, total chlorophyll, and protein concentration according to Hoogenboom et al. (2010) . Briefly, tissue was removed from the skeleton of each nubbin with an air-pick, and collected in 10 mL of 0.45 lM FSW. Tissue slurry was then homogenized with a potter grinder and divided into 5 mL subsamples. The first subsample was used for the determination of zooxanthellae density and protein concentration. Density of symbionts was quantified (in 500 lL) using an inverted microscope (Leica, Wetzlar, Germany) and the Histolab 5.2.3 image analysis software (Microvision, Every, France). Protein concentration was assessed according to Smith et al. (1985) using a BCAssay Protein Quantification Kit (Uptima, Interchim) and a XeniusV R spectrofluorometer (SAFAS, Monaco). The second 5 mL subsample was centrifuged at 8000 3 g for 10 min. Supernatant was removed and the symbionts resuspended in 5 mL acetone for chlorophyll a (Chl a) and c 2 extractions. Chlorophyll concentration was then determined according to the method of Jeffrey and 2 lM nitrate addition x x x x 0.5 lM phosphate addition x x *(< 0.05 lM N and < 0.1 lM P).
The "x" indicates presence of each of the characteristics for each treatment.
Humphrey (1975) with a spectrophotometer. Data were normalized to the upper side surface area (cm 2 ) of each nubbin, using the wax-dipping method from Veal et al. (2010) .
Relative electron transport rate Measurements were performed on six nubbins per treatment as for photosynthesis. A pulse amplitude modulation (PAM) fluorometer [DIVING-PAM, Walz, Germany (Schreiber et al. 1986 )] was used to measure the minimal (F 0 ) and maximal (F m ) Chl a fluorescence after 5 min of dark adaptation by applying a weak pulse red light (max. intensity < 1 mol photon m 22 s
21
, width 3ls, frequency 0.6kHz) and a saturating pulse of actinic light (max. intensity 5000 lmol photon m 22 s
, pulse width 800 ms) on coral nubbins placed under a constant distance from the optical fiber. The rapid light curve function of the PAM assessed the relative electron transport rate (rETR) after exposing nubbins to eight light intensities (from 69 lmol photons s 21 m 22 to 1500 lmol photons s 21 m 22 ) over 10 s.
Feeding rates
Feeding rate experiments were conducted as described in Houlbrèque et al. (2004) . Each coral nubbin was incubated in individual Plexiglas flumes of 1 L, specially designed for this kind of measurement according to Levy et al. (2001) , based on the procedures described by Vogel and LaBarbera (1978) . Flow speed was approximately 4 cm s 21 as this was found to allow for maximum feeding in T. reniformis (FerrierPagès et al. 2010) , and chambers were placed in a water bath maintaining constant temperature. Measurements were run at T 0 , T 1 , and T 2 on fed nubbins only (Table 1 , n 5 6 per treatment). When polyps were fully expanded, the experimental run was started by delivering 1000 A. salina nauplii L 21 according to Gori et al. (2015) , previously quantified using a Bogorov counting chamber. Six replicated 10 mL seawater samples were taken from the flow chamber just after the start of the experiment (0 min), then at 15 min, 30 min, 45 min, and 60 min. A. salina nauplii in each sample were counted and immediately replaced in the chambers to avoid any concentration decrease. Three control experiments were also conducted at each temperature step (prey only, without corals) to account for possible concentration decrease due to nauplii becoming trapped in the flume. Feeding rates were calculated as the decrease in prey concentration against time and normalized to number of polyps.
Calcification rates
Growth rates (n 5 10 per treatment) were monitored weekly using the buoyant weight technique (Davies 1989) . Growth data are presented as percent weight increase per day, using the equation: [(F-I)/(I 3 number of days)] 3 100, where F is the weight of each nubbin at the end of a given time step (T 0 , T 1 , T 2 ) and I is the weight at the beginning of a given time step.
Statistical analyses
Statistical analyses were processed using the program JMP Version 11.0.0. Data were checked for normality using the Kolmogorov-Smirnov test with Lilliefors correction and for homoscedasticity using Levene's test. When conditions were not fulfilled, a data transformation (natural logarithms) was used. Preliminary partly nested ANOVA tests were used to test for any possible tank effect. This effect was not significant for any of the parameters so this factor was excluded from analyses (Underwood 1997) . A general linear model for parametric repeated measure analysis of variance (ANOVA) was performed on the feeding and growth rate response variables using "Temperature" as dependent variable and "Inorganic" enrichment, "Organic" feeding (zooplankton provision) and the corresponding sample as categorical predictors. The assumption of sphericity (independency of the repeated measures) was tested. When not fulfilled, the hypotheses were tested using the multivariate approach (Wilks test) for repeated measurements. A Three-Way ANOVA was then performed on all other studied variables with "Inorganic" enrichment, "Organic" feeding, and "Temperature" as factors. When significant differences appeared, analyses were followed by a posteriori testing (Tukey's HSD test). p-values were considered significant for p < 0.05.
Assessment
Evolution of the treatments during the experiment During heat-stress, unfed control corals (C) significantly decreased their symbiont density (Table 4 , Tukey HSD, p 5 0.007) as well as their protein content (Table 4 , Tukey HSD, p 5 0.035). In addition, the rETR of all control corals (C and CH) was lower during thermal stress (Fig. 2 , Tukey HSD, p < 0.0055), while respiration rates and Pg were increased (Fig. 1 , Tukey HSD, p < 0.0445 and p < 0.0013, respectively). During the recovery period, Pg of fed corals and R of unfed corals decreased and returned to their basal level measured at 258C (Tukey HSD, p 5 0.028 and p 5 0.0002, respectively, compared to 308C).
During thermal stress in the nitrate-enriched treatments, rETRmax of unfed colonies (Fig. 2 , Tukey HSD, p < 0.0001 and Tukey HSD, p 5 0.047, respectively) and calcification rates of fed colonies (Fig. 2, Table 5 , Tukey HSD, p 5 0.02, respectively) significantly decreased. Pg increased slightly for NH corals (Tukey HSD, p 5 0.0115), while no difference was observed for N nubbins compared to control conditions (Tukey HSD, p > 0.05). During the recovery period, calcification rates of fed corals remained very low, while protein content largely increased compared to 258C and 308C (Table 5 , Tukey HSD, p < 0.012). Symbiont density of unfed corals significantly increased compared to 308C (Tukey HSD, p 5 0.0046).
NP-enriched corals (NP and NPH) significantly changed their physiology throughout the entire study. At 308C, Pn of all colonies, R of unfed colonies, and calcification of fed colonies significantly increased compared to respective rates at 258C (Figs. 1, 2 , Tables 2, 3 and 5 Tukey HSD, p < 0.01, p < 0.0001, and p 5 0.0061). During recovery, respiration rates in unfed corals returned to their basal values (Tukey HSD, p < 0.0001) and rETR max values decreased compared to 258C and 308C (Tukey HSD, p < 0.0065).
Comparison between treatments at each temperature step At 258C, NPH colonies presented a higher chlorophyll content per surface area compared to the other corals, except NP (Table 4 , Tukey HSD, p < 0.0112), as well as higher calcification rates compared to NH nubbins (Fig. 2, Table 5 , Tukey HSD, p < 0.05) and higher feeding rates (Fig. 2, Table 5 , Tukey HSD, p < 0.03). In addition, the rate of Pn was higher for NP corals than for C and CH (Fig. 1 , Tukey HSD, p < 0.0414). Respiration rates were lower in NH and NP corals compared to CH corals (Tukey HSD, p < 0.0083).
At 308C, NP and NPH treatments maintained higher chlorophyll content than C and CH regimes (Fig. 3 , Tukey HSD, p < 0.0408). NPH corals also showed the highest zooxanthellae density compared to NH, C, and CH (Tukey HSD, p < 0.035). During thermal stress, nitrate enriched corals (N and NH) presented the largest amount of differences compared to the other treatments. NH nubbins had significantly less protein than NPH and CH corals (Tukey HSD, p < 0.0422). N nubbins showed lower rates of Pn (Tukey HSD, p < 0.0185) than NP and NPH corals. N and NH nubbins showed lower rates of R than C and NP corals (Tukey HSD, p < 0.029) and the lowest Pg compared to all other treatments (Tukey HSD, p < 0.012). In addition, NH corals showed the lowest calcification rate compared to all other treatments (Table 5 , Tukey HSD, p < 0.0446) except N nubbins, while NPH showed the highest calcification rates (Tukey HSD, p < 0.006). Feeding rates were higher in NPH and NH nubbins compared to CH corals (Table 5 , Tukey HSD, p < 0.0288).
After 2 weeks recovery, Pn remained higher in NPenriched corals (NP and NPH) than in N-enriched (N and NH) and C corals (Tukey HSD, p < 0.0001). Pg was higher in NP and CH treatment nubbins than in C, N, and NH regimes (Tukey HSD, p < 0.036). N and NH corals showed higher symbiont densities compared to control corals (C and CH) (Tukey HSD, p < 0.002).
Discussion
This study investigated the effect of two components of eutrophication, namely inorganic nutrient enrichment and zooplankton supplementation (heterotrophy), in combination or alone, on the physiology of the scleractinian coral T. reniformis exposed to normal or stressful temperatures. In addition, three different inorganic N: P ratios were also tested to evaluate the effect of nutrient stoichiometry on coral physiology. It is still unclear whether corals exhibit synergistic or antagonistic responses when simultaneously exposed to heat stress and eutrophication because heterotrophy may help sustain coral metabolism during stress events, whereas inorganic nutrient supply can have deleterious effects. The results observed allow identification of some of the mechanisms involved in the coral response to heat stress and nutrient availability. We showed that inorganic nutrient enrichment did not exacerbate coral bleaching susceptibility in T. reniformis, which regulated its symbiont population even in nutrient-enriched environments. However, inorganic nutrient stoichiometry was a key factor in explaining coral fitness during thermal stress, providing support for the hypothesis that corals and their symbionts may be adapted to specific nutrient ratios. In addition, heterotrophy and inorganic nutrient enrichment were related in T. reniformis, whereby zooplankton feeding rates increased under thermal stress only when inorganic nutrients were also available. Moreover, heterotrophy in the presence of a balanced inorganic nutrient stoichiometry enhanced coral growth during the thermal stress period. On the contrary, heterotrophy with an imbalanced inorganic nutrient stoichiometry exacerbated the negative effect of heat stress on coral growth.
Under nonstressful conditions, the usual consequence of inorganic nutrient supplementation on symbiotic corals is a significant increase in symbiont growth and density inside the coral tissues (Hoegh-Guldberg and Smith 1989; Muscatine et al. 1989; Dubinsky et al. 1990; Stambler et al. 1991; Muller-Parker et al. 1994) which can lead to a decrease in calcification rate, especially when nitrate is used as the nitrogen source (Marubini and Davies 1996; Fabricius 2005; Silverman et al. 2007 ). In our study, however, T. reniformis did not change its symbiont concentration with nutrient enrichment, nor decrease its rate of calcification at 258C. This observation suggests either: (1) a carefully regulated control of symbionts by the animal host, (2) a limitation of algal density by light availability which has restricted symbionts from occupying deeper tissues in corals (Wangpraseurt et al. 2012) , as observed in other corals with highly perforate skeletons (Jones and Yellowlees 1997) , or (3) a reallocation of energy to other processes, such as chlorophyll production, Table 2 . Changes observed (as %) in physiological parameters at and between the different time steps (258C, 308C, and 258C Recovery).
Comparisons
Parameter C CH N NH NP NPH
% change between enriched treatments and control conditions
At 258C Chlorophyll content -
% change within each treatment
Between 258C and 308C
Symbiont density
Letters indicate significant differences after performing Tukey's HSD post hoc tests. Fig. 3 . Budgets highlighting the major changes in the physiological parameters between 258C and 308C. The arrows indicate a significant increase or decrease (up or down arrows, respectively), whereas the equal sign indicates no significant changes.
which was indeed significantly enhanced by inorganic nutrient enrichment. Our inorganic nutrient enrichment was also much lower than those commonly applied in previous experiments (Nordemar et al. 2003; Voss and Richardson 2006; Tanaka et al. 2007; Holcomb et al. 2010; Wiedenmann et al. 2013; Tanaka et al. 2014b ) and might not have been sufficient to significantly change symbiont growth. Under thermal stress, heterotrophy and/or inorganic nutrient supplementation affected the corals' physiological response differently depending on whether they were provided alone or in combination compared to control corals that did not receive any nutrients. Control corals significantly increased their respiration rates at 308C, suggesting that the holobiont invested more heavily in maintenance and repair processes associated with metabolic costs incurred during heat stress (Warner et al. 1996; Takahashi et al. 2004; Abrego et al. 2008 ). This additional cost was afforded by increasing photosynthetic rate compared to rates at 258C, using energetic reserves such as proteins, which significantly decreased, and by reducing growth rate and efficiency (rETR max ) of the symbionts. Conversely to the response of control nubbins, corals that were supplemented only with zooplankton food maintained symbiont density and protein content at the same level at 308C that they did at 258C because they had access to a supplemental source of energy. These results confirm the positive effect of heterotrophy regarding resistance to thermal stress (Borell and Bischof 2008; Ferrier-Pagès et al. 2010; Connolly et al. 2012 ). The response of T. reniformis to an inorganic nutrient enrichment during thermal stress was different from the two other feeding conditions and complex, (Cunning and Baker 2013; Tanaka et al. 2014a ) because nutrients enhance symbiont density, which in turn generate an excessive production of harmful oxygen radicals (Cunning and Baker 2013; Wooldridge 2013 ) in addition to decreasing photosynthetic rates per symbiont cell (Stambler et al. 1991) . As a direct consequence of the unchanged symbiont density in T. reniformis, inorganic nutrient addition and thermal stress did not increase the percentage of symbionts lost, suggesting that bleaching in these conditions is species-and contextdependent. Increased heterotrophic feeding under the combination of thermal stress and inorganic nutrient supply might have also avoided excessive bleaching. Our results are consistent with previously published ideas regarding greater food intake by corals in more productive waters (Wang et al. 2015) and with literature reporting that elevated temperature can increase coral feeding rates (Grottoli et al. 2006; FerrierPagès et al. 2010) . The mechanisms involved in the coupling between inorganic nutrient uptake of the symbionts and heterotrophy of the coral host are still unclear; however, in agreement with our observations, symbiont carbon translocation rates and host prey ingestion were positively correlated in sea anemones (Leal et al. 2015) . The explanation given was that autotrophic energy is necessary to the host to afford the metabolic demand of feeding and digestion (Leal et al. 2015) . In our study, inorganic nutrient supplementation might have increased the quality and quantity of symbiont photosynthates, thereby increasing the host prey ingestion.
Under inorganic nutrient enrichment and thermal stress, a significant decrease in gross photosynthesis and calcification of T. reniformis was observed when nitrate addition was not combined with phosphorus. The decrease was exacerbated when nitrate enrichment was combined with heterotrophy. It is well known in food web studies that organism performance depends not only on the concentrations but also on the proportions of C, N, and P in seawater ( Van de Waal et al. 2009 ). In corals, N : P ratios of host tissue and symbionts is ca. 50: 1 (Godinot et al. 2011b) and is much higher than the Redfield ratio of 16: 1, suggesting a phosphorus limitation with nutrient concentrations measured on the reefs and in the control condition of this study (0.5 lM N and 0.1 lM P). It is, therefore, predictable that seawater enrichment in nitrogen alone will increase this phosphorus limitation. It was observed in two previous studies that an imbalanced nitrate: phosphorus ratio exacerbated phosphorus-starvation and bleaching in several coral species (Wiedenmann et al. 2013) , or decreased the amount of photosynthates translocated from the symbionts to the host in Stylophora pistillata (Ezzat et al. 2015) . This effect is due to the fact that the reduction of nitrate into ammonium is a costly energetic process (Patterson et al. 2010 ; Dagenais-Bellefeuille and Morse 2013), diverting electrons from other metabolic pathways such as photosynthesis. Our results are another piece of evidence supporting the two previous studies that there is a detrimental effect of an imbalanced nitrate: phosphorus ratio on the metabolism of T. reniformis, which can affect symbiont density, photosynthesis or calcification depending on the species and stress amplitude.
Heterotrophy exacerbated the impact of nitrate enrichment on calcification rates as there was a 94% reduction in growth compared to the control. A similar effect on calcification by a simultaneous exposure to organic-enriched sediments and nitrate was observed in the corals Montipora tuberculosa and Acropora millepora (Fabricius et al. 2013 ). The explanation given was that organic matter might have stimulated bacterial growth, thereby increasing disease susceptibility and reducing growth rates. As our laboratory treatments likely did not stimulate the growth of seawater bacteria, we suggest that calcification could have been impacted by the production of deleterious reactive nitrogen species (RNS) following accumulation of nitrate into the animal tissues (Lesser 2006; Roth 2014) . RNS act together with reactive oxygen species to damage cells, and this process can be exacerbated during thermal stress (Lesser 2006) . Nitrate may accumulate in coral tissue when corals are fed because food is already rich in nitrogen, specifically ammonium, produced by host catabolism (Wang et al. 2015) . As ammonium is preferred to nitrate (Raven et al. 1992) , it is used by symbionts instead of nitrate, which may then accumulate inside the host cells. Furthermore, heterotrophy might have increased the N: P imbalance, inducing a higher phosphate limitation. If the Growth Rate Hypothesis (Elser et al. 2000) [which proposed that P concentrations in organisms vary predictably with their investment in RNA, which in turn gives rise to variation in growth rates and other physiological processes] is applicable to corals, this might be an explanation for the decreased growth. However, more integrated work is needed to decipher which of the above hypotheses apply to corals. It is important to note that during the recovery period, corals in the N and NH treatments were still exhibiting low calcification and Pg. These data indicate that a 2 week recovery period from a short-term thermal stress is not long enough for corals in nitrate-enriched treatments to recover, if they can recover at all. In contrast to nitrate-enrichment alone, a double enrichment in nitrate and phosphate concentration in the water (balanced N: P ratio), with or without heterotrophic feeding, greatly enhanced coral metabolism at 258C and was mostly beneficial for corals at elevated temperature. We indeed observed a stimulation of symbiont growth and chlorophyll synthesis, enhancing the net O 2 production and maintaining rETR max values at 308C. Additionally, increased calcification rate in the NPH treatment certainly appears to have been enhanced by heterotrophic feeding, as NPH nubbins consistently fed more than control corals. This double enrichment undoubtedly demonstrates that many corals are greatly limited in phosphorus under normal conditions, and this limitation can become problematic under thermal stress and/or under nitrogen enrichment alone. Because phosphorus is a key nutrient for marine organisms (Benitez-Nelson 2000; Elser et al. 2007 ) it has been shown that phosphorus supplementation increased the metabolism of some corals such as Stylophora pistillata (Godinot et al. 2011b) , which showed an increased alkaline phosphatase activity when bleached to use the dissolved organic phosphorus present in seawater (Godinot et al. 2013) . Although phosphorus was also suggested to decrease calcification rates in corals when present in very high concentrations in seawater ( 2 lM) (Kinsey and Davies 1979; Ferrier-Pages et al. 2000; Koop et al. 2001 ), a minimum amount may be essential to coral metabolism. Clearly, more studies are needed to assess the minimal requirements for phosphorus in coral species, depending on their living conditions. In conclusion, although zooplankton feeding in seawater generally enhances coral metabolism, especially under thermal stress (Houlbrèque and Ferrier-Pagès 2009) , it is deleterious for corals in the presence of elevated inorganic nutrient concentrations with an unbalanced N: P ratio. This scenario is unfortunately the case in many eutrophicated areas where loading of inorganic nitrogen is prevalent, such as in southwest Japan or in the Caribbean (Umezawa et al. 2002; Lapointe et al. 2005; Pastore 2014 ). The mechanisms involved in this combined negative effect still remain undetermined, but may be linked to a P-limitation in N-enriched corals, which prevent the construction of phospholipidic membranes (Tchernov et al. 2004; Wiedenmann et al. 2013) or the buildup of adenosine triphosphate (ATP) reserves. On the contrary, when inorganic nutrients have a balanced N: P ratio and are maintained in relatively low concentrations (that remain undetermined) they may not affect coral metabolism under thermal stress and they may even enhance coral metabolism when combined with heterotrophy. Clearly, the different effect is due to the supply of phosphorus for coral metabolism. This deleterious effect of phosphorus limitation coupled to other stressors may particularly affect branching coral species, which often have higher metabolism and thus higher phosphorus needs (Godinot et al. 2011a) , and may change the diversity and species composition of coral reefs in the future.
